Abstract: High-voltage impulses (HVIs) are produced under laboratory conditions in order to emulate actual internal (switching) and external (lightning, thunderbolt) voltages. HVI resistance tests are essential to meet national and international standards on the production of electromechanical devices and materials, such as switchgears, and transformers that operate under these actual conditions. Accurate measurement of HVI is excessively difficult since the voltage level is so high, while the time parameters are relatively constricted. In this study, a reliable automatic HVI measuring and recording system, which accommodates a series of hardware and software designs in order to satisfy the constraints of the standards, is devised. The system provides high performance for measurement speed, resolution, and accuracy.
Introduction
A high-voltage impulse (HVI) is a short-term, single-pole, and high-frequency direct current (DC) high voltage that is divided into 2 types, as lightning impulse (LI) and switching impulse (SI) high voltages.
In practice, HVI that occurs either as lightning in nature (LI) or on-off switching in a network (SI) can be similarly produced in laboratory conditions using impulse generators, which are called Marx generators. Using these generators, the behaviors of the high-voltage components and circuits under HVIs can be reviewed and verified according to national and international standards.
There are 4 basic characteristics that define the parameters of an impulse voltage. These are the front time (T 1 ), tail time or time to half-value (T 2 ), peak value of the voltage (Û), and polarity. At the same time, the shape of the impulse is very important. The type of impulse is determined by the peak value, front time, and tail time duration.
A standard HVI, without making a nonstandard release quickly, increases up toÛ voltage and decreases slowly to 0. If a breakdown occurs intentionally or unintentionally at the front side, at the top, or at the time to half-value side of the HVI, a sudden fall happens during the high voltage. This kind of impulse is called a chopped impulse and it is by no means preferred.
Since conventional peak voltmeters cannot measure the time parameters, they remain insufficient for * Correspondence: serkan.dedeoglu@ume.tubitak.gov.tr HVI measurements. Even with oscilloscopes, determination of the time and amplitude parameters needs mathematical calculations following some manual cumbersome operations, which is a time-consuming method that is open to user errors.
Following the advances in computer technology after the 1980s, digital recorders became a more practical, permanent, and precise alternative to conventional impulse oscilloscopes for switching and impulse voltage tests in high-voltage laboratories. Malewski and Dechamplain reported on their key development in 1980 [1] and the digital recorder by Strauss stands as a reference standard in notable metrology laboratories [2] . High frequencies and electromagnetic interference are the major problems to consider in the designing of digital recorders [3] . Formal acquisition of the waveform is essential and requires highly precise equipment for the determination of the parameters [4] [5] [6] .
This study focuses on the stages of the design and realization of a HVI measurement system that satisfies the expectations noted in the literature.
HVI and its measurement methods
According to standards IEC 60060-1 and 60060-2 and the wave form shown in Figure 1 , HVI tests that range from several kV to MV come into prominence due to observing and researching the breakdown mechanism of electromechanical products, materials under high voltage, and determining the compliance with the national and international standards [7, 8] . The features of HVIs can be reviewed as 2 types.
Lightning HVI: A lightning impulse voltage reaches its peak value in 1 µ s. The front time (T 1 ) is calculated by multiplying 1.67 by the time interval of the voltage that remains at a peak value of between 30% and 90%. The time to half-value (T 2 ) is the time interval of the voltage that remains between the starting point of the impulse and the instance where the voltage decreases to 50% of the peak value (Table 1) . Characteristic value LI voltage SI voltage Peak voltageÛ ± 3%Û ± 3% Front time T 1 = 1.2 µs ± 30% T p = 250 µs ± 20% Time to half-value T 2 = 50 µs ± 20% T 2 = 2500 µs ± 20%
Switching HVI: On-off actions of electromechanical products result in switching HVIs, with the utmost value of about 200 µ s. The time interval between the starting point of the HVI and 90% of its peak value is known as the front time (T p ). T 2 is determined as in the case of LI (Table 1) .
The measurement methods of HVIs
Measurement with sphere electrodes: With sphere electrodes, only the peak value can be measured. In principle, it works according to the equation between the breakdown distance of the spheres and the test voltage.
Measurement with voltage dividers: Voltage dividers have a dividing ratio, called a scale factor, which leads to a decrease in the high-voltage signal to the measurable low-voltage level. In this method, oscilloscopes or recording devices that make very fast samplings are equipped with the low-voltage part of the dividers. Voltage dividers must be connected parallel to the unit being tested (Figure 2 ). There are 3 types of dividers, which are resistive, capacitive, and damped capacitive [9, 10] . 
Measurement instruments
Determination of the time parameters given in Table 1 is essential in HVI measurements. After dividing the high-voltage signal into a measurable low-voltage level, evaluation of this signal is made by voltage measurement systems, which are peak voltmeters, digital recorders, or oscilloscopes. Peak voltmeters can measure only the peak value of the HVI by the time parameters. It is convenient to measure the voltage and time parameters with standard oscilloscopes. However, the voltage and time cursors should be adjusted manually due to the signal shape on the screen to find the voltage and time parameters. Following the adjustment of the voltage and time parameters, calculations are made regarding the voltage and time parameters. This method is timeconsuming and liable to user-dependent errors. Digital recorders that have an 8-, 10-, or 12-bit amplitude resolution and 100-200 million sampling rate are the appropriate instruments to measure the HVI [11] . By means of software developed for this reason, HVI parameters with high time and voltage resolutions can be measured and calculated quickly and are user error-free.
Design and implementation of the HVI measuring system
An automatic HVI measuring system that executes the voltage dividing, measurement, and recording tasks is designed and implemented. The system not only calculates the time and amplitude parameters within the accuracy of the international standards, but also executes all of the software skills, such as monitoring the impulse shape, recording the results, converting the results to a report, and printing it out. As for being too expensive, high-accuracy automatic HVI measuring systems exist in standard institutes, national metrology institutes, and some exemplary test laboratories of the electromechanical industries. They are especially manufactured on order, for about 100,000 euro, by a few companies in the world. They are not supplied by medium-and smallscale producers, which therefore resort to nonstandard measuring methods. However, the standards limit the deviations of the HVI amplitude parameters to under 1% and time parameters to under 10%. Peak voltmeters or standard oscilloscopes used by manufacturers cause incorrect, incomplete, or rough measurements, which keep them from high-quality production. The system we propose meets the accuracy standards. It costs about oneseventh of the price and its size-weight is reduced to about one-half (portable types) to one-fourth (laboratory types) of the equivalents. The system's open-source software allows for independent future developments and updates in the measurement, calibration, and recording stages. The measuring system, which is composed of a reference voltage divider, impulse recorder, measuring cable, and matching impedance, is shown in Figure 3 . 
Hardware design of the 200-kV reference HVI divider
High-voltage arm: In construction of a reference impulse divider, mainly the divider's linearity, stability, effects of electromagnetic compatibility, temperature, proximity, and polarity, along with other factors, should be taken into consideration. The impulse dividers used as reference are manufactured with resistances of 8-12 k Ω , preferably as the wire-wound type with the method of bifilar winding. In this study, precise wire-wound types of resistors, with 0.07-mm-diameter special wire, are produced manually with the temperature coefficient of ±50 ppm/
• C and a resistance value of 98.8 Ω/m. In order to reduce the inductance, a resistor wire is wound 15 times in the clockwise direction and 15 times in the counterclockwise direction on a polypropylene pipe, and 8.822-kΩ resistors are obtained with this method. The resistor block is housed by a customized pipe in order to protect it from external effects.
Low-voltage arm: The divider's output voltage varies between 1 and 1.6 kV. The resistive components on the low-voltage part yield unwanted magnetic inductance when it works under highfrequency signals. This effect can be reduced by the electrical and geometrical design of the low-voltage arm. Regarding earlier studies, it is possible to get rid of this undesirable coupling using a cylindrical low-voltage arm design and the coaxial carrier components (Figure 4) . In addition, resistors should be cylindrically positioned. In the basic equivalent circuit of the resistive HVI, shown in Figure 5 , R1 and R2 are the high-and lowvoltage resistors, respectively, where Zo is the measuring cable impedance and Rm is the matching impedance resistor. The approximate divider ratio is fixed at 250 due to the component values. After the assemblage of the divider's first and second modules, a vacuum process is applied to the modules until the pressure in the modules is 1000 mbar and then they are filled with sulfur hexafluoride (SF 6 ) gas ( Figure 6 ).
Hardware and software design of the digital recorder
The recorder section is composed of a programmable measurement card, software, and a compensation circuit ( Figure 7 ). The recorder acquires the measurement signal by means of a programmable measurement card that has the same features as the oscilloscopes. Since these cards are smaller and lighter, it is easy and practical to transport and use them in mobile applications. However, the measurement card's maximum input voltage is 20 V, where the output of the divider's low-voltage arm is 1000 V. In addition, time constant inequalities between the high-and low-voltage arms yield distortions. Thus, an internal divider that has a ratio of 50:1 and a compensation circuit that tolerates the distortions should be designed. The design stages of the hardware and software of the recorder are given in the rest of this section.
Programmable measurement card: While the standard laboratory-type oscilloscopes show only the signal shape on the screen, these cards allow writing software to be used in analyzing the signal and in calculating the parameters simultaneously.
Due to the 1-µ s levels of front time in the signals, the sampling rate of the cards should be appropriate for these accelerated time value measurements. For a 1-MS/s sampling rate, the oscilloscope gets only 1 sample in 1 µ s and the sampling rate is not high enough to measure the HVI signal. The features of the card are suitable for the HVI measurements (Table 2) . In order to avoid noise problems during the HVI measurement, the card is placed in an aluminum box for special screening (Figure 8 ).
Software developed for the measurement system: The card's initializing and the measurement processes are procedures of the software design.
1) The card's initializing and control program: The software written in Visual Basic establishes the connection between the card and the computer, which initializes the card for the desired measurement In order to catch the HVI signal, the required settings should be sent to the card. These are the voltage range interval, time range interval, threshold value, sampling rate, channel number, trigger settings, AC/DC coupling, HVI type, etc.
The acquired HVI signal is recorded on the card's buffer in a 10,000 × 2 matrix format and includes the voltage and time data, and then they are sent to the computer (Figure 9) . Details of the prepared software are given as a flowchart in Figure 10 . 2) The analyzing and reporting program: The procedure, which is written in a MATLAB compiler, analyzes the data sent by the card and processes them for some tasks, such as determining the time and amplitude parameters (Û, T 1 , and T 2 ), drawing the impulse graphics, and recording and reporting the test results ( Figure 11 ). The first step of the program is data conversion from binary to decimals. The HVI voltage value is determined by multiplying the measured voltage and the ratio of the voltage divider. The T 1 and T 2 values are calculated due to the impulse type (LI or SI). The impulse wave form should be graphically drawn to decide if it is appropriate according to the international standards. Impulses in the tests and the calibrations are implied sequentially, and then voltage and time parameters are recorded so that the results can be sorted and reported in numeric, graphic, and printable forms. The program is converted to an executable file in order to be processed free from the MATLAB sources. A flowchart of the prepared software is given in detail in Figure 12 .
Internal divider and compensation circuit design of digital recorder: When the divider is designed as purely capacitive, high-frequency signals cause oscillation problems and delays in the rise time of the HVI. On the contrary, when it is designed as purely resistive, the SI cannot be measured. Owing to these 2 important reasons, the design of a damped capacitive divider is preferred in this study. The ratio of the damped capacitive voltage divider is determined as follows. Damped capacitive dividers include capacitive and resistive dividers properties in the same construction that is shown at Figure 13 . Damped capacitive voltage dividers behave as a resistive voltage divider at high frequencies and behave as a capacitive voltage divider at low frequencies. For this reason, during LI measurements, the damped capacitive dividers' resistive part is activated. During SI measurements, the capacitive part is activated. Both parts (capacitive and resistive) of the damped capacitive divider ratio equal 50:1. In this case, the divisions of C2/C1 and R1/R2 must be equal to 50.
The compensation circuit is designed as follows. Input switching signals are distorted in the output of the internal voltage divider. In order to fix the distortion, a compensation circuit composed of an adjustable resistance and capacitors should be designed. The resistance is adjusted until the time constants of the highand low-voltage arms are equal and the output signal becomes a pure square wave.
Following the design of the compensation circuit, it is tested by an impulse calibrator. The calibrator applies a reference LI that has a 1000-V peak value and 0.84/60-µ s time parameter value. The reference signal measures the 18-V peak voltage and 0.85/60-µ s time value output of the circuit. The output signal time 1) The resistive divider ratio should be equal to the capacitive divider ratio (Figure 14) . 2) The R × C value of the high-voltage arm should be equal to the R × C value of the low-voltage arm (Figure 15 ). 3) The R × C value shown in Figure 16 with a red line should be equal to the R × C value marked with a blue line in order to measure the T1 time parameter without any delay. 
Performance results of the HVI measurement system

The reference voltage divider's ratio determination tests
According to the IEC 60060-2 standard, the determination of the HVI measurement system's dividing ratio is done in the following ways: comparison of the high voltages (suggested method), current comparison bridge method, and measuring of the impedances and calculation of the dividing ratio under the low voltage.
In this study, the divider is compared to a reference voltage whose characteristic features are known. According the IEC 60060-1 and IEC 60060-2 standards, it is tested at 5 different voltage levels as required [6, 8] . The test of the reference voltage divider's ratio determination is carried out for 10 impulse values for all of the voltage levels and for positive and negative polarities. According to the measurement results, the voltage divider's ratio is calculated as 236.6 for Channel 1 and 237.0 for Channel 2.
Switching impulse measurement tests
The implemented HVI measurement system is compared to a reference HVI measurement system in terms of the SI. The characterization of various reference voltage values of up to 300 V is applied by the impulse calibrator. The test is done according to the IEC 60060-1 and IEC 60060-2 standards for 10 impulse values of all of the voltage levels and for positive and negative polarities [13, 14] . According to the high-voltage test device standards, a HVI recorder's deviation should be lower than 1% for the amplitude and 10% for the time parameters. The implemented digital recorder provides the requirements of the IEC 60060-1 and IEC 60060-2 standards for the 2 channels.
Linearity tests
According to the IEC 60060-2 standard, a HVI measuring system linearity test should be tested for at least 5 different voltage levels and then the system ratio should be calculated for all of the these voltage levels. The linearity test of the implemented reference voltage divider and the digital recorder is performed for 5 values between 50 kV and 200 kV. The results of the test are compared to the TÜBİTAK-UME reference measuring system.
According to the IEC 60060-2 standard, the divider ratio deviation on all of the voltage levels should be less than ± 1% from the average ratio [8] . In the evaluation of the test results, the maximum linearity deviation is 0.5% for Channel 1 and 0.6% for Channel 2. According to the test results, the system linearity is suitable for the IEC 60060-2 standard.
Waveform effect tests
Production of the different impulse waveforms as specified in the relevant standard is a laborious process due to the load effect of the tested samples. For this reason, the measuring system should be tested with different impulse waveforms in order to observe the effects of the different waveforms on the dividing ratio. The pulse types used in the test are given in Table 3 . Based on the standards, the effect of the measuring system consisting of the voltage divider and impulse recorder is determined according to data obtained in this test:
• For Channel 1, the difference between the short pulse (0.86 µ s/40 µ s) and standard pulse (1.2 µ s/50 µ s) is 0.1%.
• For Channel 1, the difference between the long pulse (1.56 µ s/60 µ s) and standard pulse (1.2 µ s/50 µ s) is 0.05%.
• For Channel 2, the difference between the short pulse (0.86 µ s/40 µ s) and standard pulse (1.2 µ s/50 µ s) is 0.1%.
• For Channel 2, the difference between the long pulse (1.56 µ s/60 µ s) and standard pulse (1.2 µ s/50 µ s) is -0.1%.
Chopped impulse tests
It is observed that the chopped impulses can be generated by the defects on the samples in the tests at a high-voltage level. In this respect, the performance of the measurement system should be determined in the chopped impulse cases. The measurement system is tested in the chopped impulse cases and its dividing ratios are compared to the standard LI wave form.
According to these test results, the chopped impulse effect is calculated as 0.1% for Channel 1 and 0.3% for Channel 2.
Impulse withstand tests
According to the IEC 60060-2 standard, the measuring system should afford a level over 110% of its operating voltage. It is observed that this measuring system provides the requirements for the standards in the withstand test.
Temperature effect tests
The IEC 60060-2 standard indicates that the ratio of the HVI measuring system is affected by the variations in the ambient temperature. The temperature effect on the ratio of the system can either be determined by the calculation of all of the components' temperature coefficients or by the ratio measurements of the different temperature values. According to the standard, the allowable deviation should be less than ± 1% because the ambient temperature change affects the system dividing ratio during the measurements. The reference HVI divider's first and second modules of the high-voltage part and low-voltage module are housed in a temperature cabin. In the cabin, the modules resistance is measured at various temperature values (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) • C). In the course of the tests, the reference ambient temperature is accepted as 22
In this case, the divider ratio is 236.7 for Channel 1 and 237.0 for Channel 2. According to the results, the maximum deviation from the reference divider's ratio is calculated as 0.07%, which meets the IEC 60060-2 standard [8] .
Conclusions
In this study, a specially designed high-precision HVI measurement system that meets the concerning international measurement standards is presented. The developed system has the advantage of making rapid calculation HVI time and amplitude parameters at a high resolution and eliminates user errors. The specific software developed for the measuring system executes voltage dividing, measurement, and recording tasks. The measurement system accomplishes the divider's ratio determination, SI measurement, linearity, waveform effect, chopped impulse, and impulse withstand and temperature effect tests conditioned by the standards.
